Acute paraplegia after treatment with intrathecal methotrexate requires a complete spinal cord neuroimaging as well as electrodiagnostic examination. The absence of lumbosacral F waves motor responses without demyelinating findings may indicate early direct root toxicity. Early electromyography (EMG) screening could be a valuable tool for detecting peripheral neurotoxicity.
| INTRODUCTION
Acute paraplegia after treatment with intrathecal methotrexate requires spinal cord neuroimaging and electrodiagnosis. We describe two cases of methotrexate neurotoxicity, with absent lumbosacral F wave as early direct motor root toxicity. Due to the poor prognosis observed in eleven cases reviewed, this finding provides a rationale for an early screening.
An early diagnosis of acute motor impairment during chemotherapy may be relevant to prevent paraplegia, especially in patients with hematologic neoplasia. Intrathecal (it) chemotherapeutic regimens such as methotrexate (MTX) combined with cytarabine arabinoside (Ara-C) are used as treatment and prophylaxis of central nervous system (CNS) leukemia. 1, 2 Neurological complications of this chemotherapy vary from asymptomatic chemical arachnoiditis to stroke-mimics, leukoencephalopathy, myelopathy, and/or cauda equina syndrome. [3] [4] [5] [6] [7] MXT is a dihydrofolate reductase inhibitor that induces experimental demyelination. 8 Despite the mechanisms of MXT toxicity are unclear, some authors suggested to be dose dependent and related to a possible reduce clearance 9 in cerebrospinal fluid while others related to a local depletion of folate due to MTX consumption folate 10 and the improvement after folic acid supplementation.
11,12
Electrophysiological studies may help in useful in this setting. Among all the findings, the F wave latency measures the conduction time in motor fibers from the stimulus site to the spinal cord and subsequent return to the peripheral site of recording. Its absence provides evidence of conduction block of anterior rami at specific root level and has been considered specific for demyelination. 13 We reported two cases of acute neurotoxicity related to MTX-it with an early neurophysiological screening that help to define poor prognosis and review of previous clinical and neurophysiological cases published in the literature.
| MATERIALS AND METHODS
Two patients were referred to the Neurology Department of Hospital Clinic in Barcelona. The neurophysiological tests were performed with Dantec KeyPoint Net G4 electromyograph (Natus Medical Inc., Pleasanton, CA, USA) following conventional methods for routine electrodiagnostic testing. The study was approved by the Ethical Committee of the Hospital Clinic of Barcelona, and all patients gave their written informed consent which included image permission for publication.
| Case report 1
A 58-year-old man with high-grade B lymphoma received treatment with cyclophosphamide and rituximab, and triple intrathecal therapy (MTX, Ara-C, and dexamethasone) as CNS prophylaxis. He received three doses of MTX-it, with a total dose of 36 mg in three non-consecutive days. Ten days after the last lumbar puncture, he complained with lower limb weakness, which evolved into paraplegia and urinary retention. Neurological examination revealed absence of deep tendon reflexes in lower limbs and a sensory level at T1. Cerebrospinal fluid (CSF) parameters were within normal limits. Nerve conduction studies (NCS) and electromyography (EMG) performed 1 week after neurological onset showed the absence of the F wave in both lower limbs with a minimal amplitude decrease and normal latency in CMAP responses suggesting a lumbosacral polyradiculoneuropathy. No abnormalities were found in upper limbs (see Table 1 and Figure 1A ,B). Lumbosacral magnetic resonance imaging (MRI) with gadolinium revealed no abnormalities. MTX-it treatment was stopped and the patient was empirically treated with intravenous methylprednisolone without improvement. One week later NCS and EMG studies showed a dramatic decrease of motor amplitudes with relatively normal latencies in peroneal and tibial posterior nerves of both sides (<1 mV) and moderate denervation in proximal and distal muscles of lower limbs (see Table 1 ). Thoracic spinal cord MRI revealed no abnormalities 2 months from onset. No improvement was observed after 6 months of physiotherapy and he remained with flaccid paraplegia and sensory level.
| Case report 2
A 26-year-old woman previously diagnosed with acute lymphocytic leukemia in 2017 was treated with dexamethasone, vincristine, MTX, and PEG-asparaginase as consolidation therapy and MTX-it plus dexamethasone for CNS prophylaxis. She received five doses of MTX-it (total dose of 60 mg) over 5 months. Eight days after the last MTX-it injection, she developed urinary retention followed by lower limbs weakness which progressed to severe flaccid paraplegia and areflexia. CSF study revealed high protein concentration (96.4 mg/dL), with normal cell count. NCS and EMG studies at onset (10 days) and follow-up (22 and 90 days) suggested a motor lumbosacral polyradiculoneuropathy (see Table 1 ). Lumbosacral MRI demonstrated gadolinium enhancement of the anterior roots of the cauda equina at onset (see Figure 1C ) and atrophy of dorsal columns and conus medullaris at follow-up (90 days). MTX-it was stopped but the patient showed no clinical improvement. After 6 months of physiotherapy, she persisted with flaccid paraplegia and EMG showed severe denervation of lower limb muscles.
| DISCUSSION
To compare our findings with those of previously reported cases, we performed a comprehensive PubMed search using the terms "neurotoxicity and methotrexate" and identified 11 cases. Relevant information including clinical and neurophysiological findings is summarized in Table 2 . We did not include a series of 11 cases treated with MXT-it reported by Bleyer et al 9 and a series of 11 cases reported by Geiser et al 3 because of lack of clinical and neurophysiological information. Neurotoxicity related to MTX-it may affect central and peripheral nervous system. Our cases highlighted that a more selective motor nerve damage was possible in contrast to immune-mediated mechanism observed in monoclonal antibody-agents such as ipilimumab or pembrolizumab, 21, 22 which produce a generalized pattern of acute motor neuropathy. The neurotoxic mechanism due to intrathecal administration of MTX seems to interfere in folates metabolism at spinal cord (dorsal columns and motor neurons). It may produce myelopathy 7 with or without the involvement of proximal motor roots at the lumbosacral level preferentially within days to weeks and generally has poor prognosis. Our cases emphasize that the absence of motor F wave response, which basically depends on the conduction of the proximal motor roots is an early neurophysiological sign of neurotoxicity damage and appears even earlier than the reduction of CMAP amplitude in distal motor nerves. This is noteworthy since this effect may not be dose dependent (see Table  2 ) but it takes some time to appear. In fact, Grzelec et al 23 conducted a prospective study where he recorded F wave in two time points (before MTX-it exposure and 24 hours after) and did not observe significant changes. However, it has been described as very early sign in Guillain-Barré syndrome between 4 and 10 days after clinical onset. 24 Neurophysiological studies provide relevant information to characterize the pattern of nerve damage. As an example, demyelinating peripheral neuropathy observed in GuillainBarré syndrome or paraneoplastic-related lymphoproliferative disorders [25] [26] [27] is frequently diffuse. Otherwise, mono or multifocal vasculitic pattern seen in neurolinfomatosis provokes a focal and direct nerve infiltration. 28 In cases such as acute or subacute paraplegia related to lumbar polyradiculoneuropathy, finding the underlying mechanism (neurotoxic or immune-mediated) is challenging as it is observed in 4 [15] [16] [17] [18] out of 11 cases reported in Table 2 .
First, high protein concentration in the CSF may be present in both scenarios, and it was seen in six cases treated with MTX-it. In all cases, CSF-flow cytometry and quantitative polymerase chain reaction (PCR) of virus have to be considered to rule out infective or infiltrative aetiologies. Second, MRI gadolinium enhancement of lumbar nerve roots may not be useful to differentiate both mechanisms since it has also been reported in patients treated with MTX-it, including one of our patients. 5, 16, 19, 20 In addition, spinal cord MRI T2 hyperintensities have been described in large series of patients treated with MTX-it. 7 Cachia et al 7 reported seven patients with clinical features of paraplegia and sensory deficits (saddle anesthesia and/or sensory level) and 71% showed T2 hyperintensities at more than one spinal level. Third, NCS findings such as chronodispersion, prolonged latency or absent of F wave have been considered specific for demyelination 29 as occur in polyneuropathies like GuillainBarré syndrome or chronic inflammatory demyelinating neuropathy (CIDP). 24, 29 Regardless of the etiology, the F wave latency provides evidence of conduction block at anterior rami of root level (in this case, L5/S1 at lower limbs) and can also reflect segmental motoneuron pool excitability. 30 Prolonged F wave latency and increased amplitude with dispersion have been described in patients with upper motor neuron syndromes. 30 In cases of traumatic spinal block, No standard recommendation exists for treating chemotherapy-related neurotoxicity as underlying mechanisms are unknown and there is a lack of evidence based on clinical trials. Evidence based on few clinical cases treated with methylprednisolone (MPS) with folic acid and B12 vitamin supplementation (four out of six patients) showed clinical improvement. Despite good prognosis has been reported in 6 out of 10 patients treated with MTX-it, our experience is far from good. This discrepancy may be related to different demographic features since we included only adult patients in contrast to previously reported cases that included also children (40%).
In conclusion, electrodiagnosis should be considered a valuable tool for screening of peripheral neurotoxicity by including proximal and distal motor conduction studies as necessary to detect early signs (absence of F waves) of lumbosacral motor roots damage due to MTX-it. In addition, multicentre drug vigilance programs in patients treated with neurotoxic drugs as MTX-it should be encouraged to better characterize risk factors.
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